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INTRODUCTION
The genomes of plant organelles have been explored to study population genetic structure and phylogenetic relationships in plants in order to identify species and populations in breeding and conservation programs. The genomes of cytoplasmic organelles (chloroplasts and mitochondria) can be important in population and phylogenetic studies because of their mutation events. Chloroplast and mitochondrial mutations are used to characterize genotypes, differentiate between populations, and clarify their evolutionary history. Plant mitochondrial DNA (mtDNA) has a very low rate of gene sequence evolution, suggesting a much lower rate of point mutation in plant mtDNA than in chloroplast DNA (cpDNA) (Palmer, 1992) . The coding regions of mitochondrial genomes are highly conserved across species and genera. Mitochondrial genomes of angiosperms have large intergenic regions and have expanded through frequent duplications, as well as by incorporating introns and DNA segments from the plastid. These non-coding regions (introns and intergenic spacers) are highly variable due to lack of function conservation in sequence (Hu and Luo, 2006) , so they have typically been used in phylogenetic and evolutionary studies (Yamagishi and Terachi, 2003; Robertson et al., 2004) . Non-coding regions of cpDNA have been explored under the assumption that these regions should be under less functional constraint than coding regions and should hence provide greater levels of variation for phylogenetic analyses (Bouhadida et al., 2007) . The variations detected in cpDNA and mtDNA using the polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) technique (Wu et al., 1998; Mohanty et al., 2002) are useful for population genetic studies at both intra-and interspecific levels (Dutech et al., 2000; Fineschi et al., 2000) . This method is also known as cleaved amplified polymorphic sequences (Konieczny and Ausubel, 1993) and is a readily accessible laboratory technique that can be used to determine large portions of the chloroplast genome in many individuals in a short time and at a lower cost. This method has been used to analyze phylogenetic relationships of cultivated Prunus species (Panda et al., 2003) and to determine the phylogeography and the population diversity in Prunus spinosa and Prunus avium (Mohanty et al., 2002) .
Plums (hexaploid, Prunus domestica L. and diploid Prunus salicina L.) have been cultivated for over 2000 years throughout the world. They have attractive colored fruits, which are consumed in both fresh and processed form. Plums belonging to the subgenus Prunophora are considered to be important for Prunus evolution because they include more than 20 species with abundant variations in their morphology (Okie and Weinberger, 1996) . In Tunisia, many plum cultivars exist, including very old ones of unknown origin and not derived from breeding programs. In addition, commercial production is essentially represented by introduced varieties recognized for their fruit quality. As a consequence, the local germplasm is threatened by genetic erosion caused by biotic and abiotic stresses resulting in the disappearance of several local cultivars. Nuclear polymorphism has been used to provide insights into Prunus genetic diversity and its structure across Tunisian regions (Ben Tamarzizt et al., 2009) .
In the present study, we examined the mtDNA and cpDNA variation revealed by RFLP analysis and the objectives of this study were 2-fold: i) to reveal molecular markers and characterize plum cultivars and ii) to give an insight into the level of genetic diversity, and its distribution, in plums.
MATERIAL AND METHODS

Plant material
Thirty-eight Tunisian plum plants were collected from the North of Tunisia (Raf-Raf, Ras Djebel, Souinine, Douar Hamouda, and Ghar El Melh), Cap Bon, and Kairouan (Table  1) . They included 22 local cultivars (P. salicina), 7 introduced cultivars (P. salicina), and 8 spontaneous accessions (P. insititia). Eighteen accessions were used to detect polymorphisms in cpDNA and 27 were analyzed to study the diversity of mtDNA. 
DNA extraction, amplification, and digestion
Total DNA was isolated from fresh leaves using the protocol described by Bernatzky and Tanksley (1986) . The concentration of DNA was estimated using a 0.8% agarose gel. Amplification of the chloroplast region trnL (UAA)-trnF (GAA) was achieved using universal primers (a-b) designed by Taberlet et al. (1991) . The nad 1 b/c and nad 4 1/2 mitochondrial regions were amplified using primer pairs described by Demesure et al. (1995) . The details of the amplification using the cpDNA primer pair are described by Baraket et al. (2010) . The amplification using mtDNA primers was performed in a 25-µL reaction mixture consisting of 1 µM of each primer, 0.2 mM each of the four dNTPs, 25 mM MgCl 2 , and 5 U Taq DNA polymerase. The PCR amplifications were carried out in a TC-512 thermal cycler, using an initial cycle of 4 min at 94°C, followed by 35 cycles of 45 s at 92°C, 45 s at 53.5°C for nad 1 b/c and 54.5°C for nad 4 1/2, 3 min at 72°C, and a final 10 min extension at 72°C.
Amplified products, obtained using cpDNA and mtDNA primers, were digested using the following restriction enzymes: HindIII, HinfI, HaeIII, RsaI, EcoRI, and MseI (Invitrogen) for the nad1 b/c intron and TaqI, EcoRI, HinfI, and MseI for the nad 4 1/2 intron. The reaction mixture was incubated overnight at 37°C with all enzymes and for 5 h at 65°C with only TaqI. The trnL-trnF region was digested using EcoRI, HaeIII, RsaI, HinfI, UspI, ScaI, DraI, AhaIII, XmnI, SacI, ClaI, and BglII. Restriction fragments were separated on 3% agarose gels and visualized under ultraviolet light.
Data analysis
Fragments detected were scored on a presence (1) or absence (0) basis and used to identify different haplotypes. The constructed binary data matrix was computed using the Gendist program (version 3.572c), in the computer package PHYLIP (phylogeny inference package, version 3.5c) (Felsenstein, 1995) , producing a genetic distance matrix according to the formula of Nei and Li (1979) . The neighbor program within PHYLIP was used to produce a tree-file using the unweighted pair group method with arithmetic mean (UPGMA) algorithm. The dendrogram was drawn using the TreeView software (Felsenstein, 1995) , based on the obtained treefile. Principal component analysis (PCA) was also performed using the appropriate programs in XLSTAT-Pro (Version 7.0; 2008) . Additionally, a minimum-length spanning tree between haplotypes of Tunisian plums was created using Network v4.6 (Bandelt et al., 1999) .
RESULTS
Chloroplast DNA data
Using the reported trnL-trnF primers, the PCR generated banding profiles using templates of total cellular DNA. A single DNA band of approximately 1000 bp was amplified from each Tunisian plum cultivar. From the 11 enzymes used, 10 generated polymorphic patterns. These enzymes resulted in 24 different restriction sites, 17 (70.8%) of which were polymorphic for the 18 individuals analyzed. The percentage of polymorphism ranged from 0% for XmnI to 100% for the EcoRI, HinfI, ScaI, ClaI, and BglII enzymes. The trnL-trnF/XmnIII combination showed a monomorphic pattern. Five enzymes, HaeIII, HinfI, VspI, ClaI, and BglII, showed 2 polymorphic sites and the restriction enzymes EcoRI, ScaI, DraI, and SacI generated one polymorphic site. The highest number of polymorphic sites (3) was observed with the RsaI enzyme ( Table 2) . 
Mitochondrial DNA data
Amplification of the nad 1 b/c and nad 4 1/2 regions resulted in fragments of approximately 1500 and 2000 bp, respectively. The tested enzymes resulted in 22 different restriction sites, 6 (27.3%) of which were polymorphic for the 27 individuals analyzed (Table 2) . Of the 10 restriction enzymes, 3 (HindIII, HinfI, and HaeIII) generated polymorphic sites ( Table  2 ). The percentage of polymorphism ranged from 0 to 100% for the nad 1 b/c intron and 0% for each enzyme for the nad 4 1/2 intron (Table 2) . Two primer-enzyme combinations (nad 1 b/c-HaeIII and nad 1 b/c-RsaI) showed two polymorphic sites, while nad 1 b/c-HindIII and HinfI presented only one site. No polymorphism was detected in the nad 4 1/2 region using the enzymes studied and only the nad 1 b/c region exhibited diversity (46.2%).
Genetic distances and relatedness in plum cultivars
Chloroplast DNA polymorphism
The genetic distances estimated between accessions ranged from 0.00 to 0.81, with an average of 0.32, demonstrating the presence of large molecular polymorphism within the trnLtrnF region. The lowest distance was obtained between the Awina Hamra Badria and the Jinha cultivars, suggesting that these cultivars are characterized by the highest similarities. A greater distance was observed between the Ain Kounoulia and the Awina Safra cultivars, reflecting their large divergence. The topology of the UPGMA dendrogram shows two main clusters (Figure 1 ). The first cluster (I) comprises the cultivar Awina Safra and all remaining cultivars are grouped into the second cluster (II), and resolved into subgroups. The first subgroup (II-1) is composed of only Zaghouania, and all the other accessions are dispersed in the second (II-2) subgroup. It is worth noting that subgroup (II-2) contains local (cultivated and spontaneous) and introduced cultivars. The distribution of plums occurs independently of their geographical origin and the introduced and spontaneous accessions do not appear to have diverged from the local varieties. PCA based on the RFLP data (Figure 2 ) produced similar results to those provided by the cluster analysis. Results of PCA showed that 37.4% of the total variation was explained by the first two principal components, which accounted for 19.8 and 17.6% of the observed variation, respectively. The two clusters appeared to be well separated and the introduced cultivars Stanley, Santa Rosa 1, and Golden Japan 1 do not appear to have diverged from the local varieties. 
Mitochondrial DNA polymorphism
The Nei and Li (1979) genetic distances were calculated to elucidate genetic relationships among the 27 plum cultivars analyzed. The distances ranged from 0 to 1, with a mean value of 0.1. The constructed UPGMA dendrogram shows two clusters labeled I and II ( Figure  3) . The first cluster (I) is composed of Miski Hamra and Hamra Badri 1, all the remaining cultivars are clustered in the second group (II). It is important to note that the distribution of cultivars occurs independently of their geographical origin. The multivariate PCA conducted on the mitochondrial data produced a similar result to the one provided by the UPGMA cluster analysis, with 52.7% of the total variation explained by the first two axes, which accounted for 33.6 and 19.1% of the variation observed, respectively. The two clusters appeared to be well separated (Figure 4) . 
Minimum-length spanning tree analysis
Chloroplast DNA haplotypes
The genetic relationships among the 17 cpDNA haplotypes are presented in Table 3 . The minimum length spanning tree offers a representation of linked haplotype groups based on the mutational differences among them. One cpDNA haplotype, H3, is shared by two accessions Jinha and Awina Hamra Badria and 16 haplotypes are unique to their respective accessions. The chlorotype H2 was ambiguously placed in the network and occupied a unique cluster in the UPGMA tree. This may reflect the high cpDNA diversity of this accession. Four putative haplotypes (mv) corresponding to intermediate evolutionary steps were not detected in our data set ( Figure 5 ). Table 3 . Mitochondrial and chloroplast haplotypes detected in plum germplasms using PCR-RFLP markers. 
Mitochondrial DNA haplotypes
The combination of all the identified mutations resulted in 12 mitotypes, which represent the 27 accessions studied (Table 3 ). Figure 6 shows the haplotypes detected using mitochondrial DNA. Haplotype H2 was present in 10 accessions: Chaaraouia, Stanley, Ain Ben Moussa, Ain Tastouria, Hamda, Golden Japan 2, Hamra Badri Tardive, Zanou 2, Hamra Badri 2, and Zanou 7. H1 was shared by 3 accessions: Awina Hamra Badria, Zanou 5, and Zanou 6. H13 was shared by Sauvage Djebba 2, Black Golden, and Zaghouania, and H12 was shared by Santa Rosa 2, Golden Japan 3, and Hamra Badri 3. All the other accessions were represented by unique haplotypes. It is important to note that all haplotypes are directly linked to the most frequent mitotype, H2, suggesting that this haplotype may be the ancestral mitotype ( Figure 6 ). 
DISCUSSION
In the current study, RFLP markers were used to estimate polymorphism and genetic diversity of Tunisian plum cultivars. Amplification of the trnL-trnF region revealed a fragment of approximately 1000 bp, similar to results obtained for the genus Rosa (Bruneau et al., 2007) , for Ficus carica (Baraket et al., 2010) and for Maloideae (Rosacea) (Verbylaitė et al., 2006) . The mtDNA nad 1 b/c intron was approximately 1500 bp in length in this study, but has been found to vary in length among species, reaching up to 2100 bp (Demesure et al., 1995; Freudenstein and Chase, 2001; Sun, 2002; Mohanty et al., 2003) . The nad 4 1/2 intron was approximately 2000 bp in length, in agreement with the length reported for the nad 4 intron in other plant species (Dumolin-Lapègue et al., 1998; Pharmawati et al., 2012) .
The PCR-RFLP technique was efficient in detecting cpDNA variation (17 polymorphic sites) in plum accessions compared with the 2 mtDNA regions (6 polymorphic sites). Seventy chlorotypes were detected for the 18 accessions studied. One haplotype was shared by two accessions and 16 were private. In contrast to the higher cpDNA diversity (17 haplotypes), the mtDNA showed lower levels of variation (only 12 haplotypes for the 27 accessions considered), which indicates the usefulness of chloroplast markers to detect polymorphisms. Our results are in agreement with those obtained for P. spinosa: 33 cpDNA haplotypes and two mtDNA haplotypes (Mohanty et al., 2003) . Palmer (1992) and Mohanty et al. (2003) suggested that the low variation of mtDNA might be explained by the slow rate of nucleotide substitutions that occurs in mtDNA in comparison to cpDNA. It is likely that mtDNA evolves mainly in structure by intragenomic recombination via small repeated sequences dispersed within the genome (Palmer, 1992) .
Of the 12 haplotypes observed in mtDNA, one was shared among 10 accessions. The haplotype H2 constitutes an internal node in the minimum spanning tree, probably reflecting its ancient origin, and may indicate a migrant pool model. Mitotypes H13 (Sauvage Djeba 2, Black Golden, and Zaghouania) and H12 (Santa Rosa 2, Golden Japan 3, and Hamra Badri 3) grouped plums belonging to P. salicina species represented by Golden Japan 3, the hybrid Santa Rosa, and Black Golden varieties, which suggests that the local cultivars Zaghouania and Hamra Badri 3 should be diploid and correspond to P. salicina species. However, this assumption must be confirmed by a cytogenetic study. The private haplotypes observed have special features and are very interesting for molecular characterization of plums. DumolinLapègue et al. (1998) suggested an older origin of cpDNA haplotypes in comparison with mtDNA haplotypes based on the distribution of cpDNA-mtDNA combinations. The relative age of the cpDNA-mtDNA haplotypes is one of the keys to understanding genome uncoupling. Failure in determining their relative age may result in difficulties in explaining the distribution and maintenance of genetic polymorphism in populations and species.
The UPGMA clusters showed that the distribution of cultivars was independent of their geographic origin, with similarities among local and introduced varieties. The traditional denominations are largely descriptive, therefore the correlation among the denominations and the molecular relationships derived from the cluster analysis are not surprising. The resolution of the marker system was sufficient to distinguish between plum cultivars, and to establish genetic relationships among the germplasm classes found. UPGMA cluster analysis did not show clear groupings based on geographic distance and exhibited unstructured variability in this crop. Thus, the cultivars tested in this study were characterized by large divergence at the DNA level, highlighting important genetic diversity among the genotypes sampled from Tu-nisia, which could be potentially incorporated into any further breeding programs and germplasm conservation.
The UPGMA tree and the PCA plot revealed congruent results, highlighting the association between local and introduced cultivars and their genetic proximity. This result is in congruence with previous results obtained for nuclear polymorphisms using RAPD markers in Tunisian plums by Ben Tamarzizt et al. (2009) . In addition, trees belonging to the same variety, such as Hamra Badri 1, Hamra Badri 2, and Hamra Badri 3 show intra-varietal diversity based on this type of marker. To our knowledge, the present study is the first inventory aimed at characterizing the genetic diversity of plums using cytoplasmic markers. Our results on the polymorphism of cytoplasmic genomes clearly indicate a high level of diversity in the chloroplast genome and demonstrate the conservative nature of the mitochondrial genome and the slow rate at which mitochondrial organelle genomes evolve. The evolutionary changes in mtDNA are of a different nature from those in cpDNA. In fact, the concerted presence or absence of several restriction fragments is consistent with insertions or deletions.
In summary, the PCR-RFLP technique is a useful approach for identifying cytoplasmic variation among plum cultivars. The private haplotypes showed special features and need to be included when formulating guidelines for conservation and management of plum species.
